A series of laboratory experiments was performed to measure dissolved organic carbon (DOC) production during herbivorous grazing by heterotrophic protists (ciliate Strombidinopsis acuminatum, dinoflagellate Oxyrrhis marina) and copepods (Calanus pacificus). DOC production by phytoplankton was 31~0 measured. Experiments were performed in artificial seawater to provide a low DOC background against which changes in DOC concentration could be measured directly. We found that DOC production during grazing was high, i.e. 16-37% of algal C content was released as DOC during an ingestion event. Bacterial growth rates were stimulated by grazer activity, most likely due to increased availability of labile DOC; breakage of fecal pellets by copepods may also have yielded DOC. In contrast, DOC production by phytoplankton was low, ranging from 3 to 7% of algal C content per day. Generalizing from these rates, a simple budget shows that grazer DOC production should ba: 4-6 times greater than phytoplankton DOC production in any region of the ocean where grazing is the dominant phytoplankton loss process. Both phytoplankton and grazer species influenced the carbohydrate composition of the DOC produced. Dissolved carbohydrates averaged 30 and 22% of total DOC in phytoplankton-only and grazer-containing treatments, respectively, and most variability in carbohydrate content was due to variations in polysaccharide levels. We conclude that planktonic grazers are potentially a major source of DOC in the marine envronment.
Organic carbon molecules dissolved in seawater constitute one of the largest and most enigmatic carbon reservoirs on earth. The composition of seawater dissolved organic carbon (DOC) is poorly understood, because the bulk has not been characterized at the molecular level. Some 7-15% of the total DOC (depending on depth) is composed of amino acids and carbohydrates, with a minor lipid component (Williams and Druffel 1988) . Recent improvements in analytical technique have led researchers to suggest a larger contribution from carbohydrates (17-34% of total DOC, predominantly polysaccharides) than was previously thought Pakulski and Benner 1992) .
Phytoplankton are often considered to supply a high percentage of marine DOC by direct exudation. Experimental evidence for phytoplankton DOC release is equivocal, however, and has been the subject of intense debate. A few phytoplankton species (e.g. Phaeocystis pouchetti, Chaetoceros spp.) consistemly release large amounts of photosynthate as DOC, and high DOC release rates in some algae are associated with nutrient limitation and senesence. It seems clear, however, that healthy, exponentially growing algae are typified by release: rates equivalent to <lo% of daily carbon fixation, even when growing at low rates (Sharp 1977; Lancelot and Billen 1985; Williams 1990) .
When phytolllankton are considered the dominant source of marine DOC, these low release rates are difficult to reconcile with bacterial DOC demands that can equal 20-40% (or more) of photosynthetic carbon fixation (e.g. Williams 1981; Azam et al. 1983; Cole et al. 1988) . This discrepancy has led some authors to postulate that grazing supplies much of the DOC supporting bacterial production (Riley 1963; Jumars et al. 1989; Banse 1992) . Possible modes of grazerassociated DOC release include sloppy feeding, excretion, egestion, and dissolution of fecal material. Probably the best studied of thes,= modes is sloppy feeding, or the release of dissolved compounds when prey cells are broken by the mouthparts of crustacean zooplankton (Conover 1966; Dagg 1974; Lampert 1978; Roy et al. 1989) . Crustacean zooplankton are also thought to release a certain quantity of dissolved organic matter via direct excretion (Copping and Lorenzen 1980; Gardner and Paffenhijfer 1982) . Release of dissolved organic compounds by Protist grazers such as ciliates and flagellates has also been observed (Caron et al. 1985; Taylor et al. 1985; Nagata and Kirchman 1992) . DOC release by protists may occur via excretion or during egestion, i.e. when food vacuoles fuse with the grazer's cell membrane for the release of waste products (Nilsson 1979; Nagata and Kirchman 1992) . Finally, dissolution of grazer fecal material may contribute to the DOC pool (e.g. Lampitt et al. 1990 ). Theoretical arguments suggest that diffusion can drive the transfer of solutes from crustacean fecal pellets to the surrounding water on a time scale of minutes (Jumars et al. 1989) , and that this diffusion-driven process should be enhanced for the smaller, less coherent waste products of Protist grazers. Thus, much grazer-derived detritus may ultimately cycle back into the food web as DOC.
In the experiments described here, production of DOC by phytoplankton, copepods, and Protist grazers was measured directly in simplified laboratory versions of natural communities. DOC release from copepod fecal pellets was also investigated. We used artificial seawater to create a low DOC background against which small changes in concentration could be measured. Our primary goal was to determine and compare the magnitudes of DOC release by phytoplankton and by planktonic grazers. Although copepods are probably the best studied planktonic grazers, recent evidence indicates that protists are responsible for most phytoplankton consumption in the sea (summarized by Capriulo et al. 1991; Sherr and Sherr 1993) . Our experiments were designed to compare the potential contributions of these two grazer groups. A further goal was to evaluate the chemical composition of released DOC. Based on the observation that carbohydrates are major constituents of phytoplankton cells, we measured the mono-and polysaccharide content of released DOC. Our findings indicate that most DOC is produced by grazing rather than by direct release from phytoplankton, and that carbohydrates are a large fraction of this DOC.
Materials and methods
Experiment design-Artificial seawater (ASW) for culturing organisms and conducting experiments was prepared from Nanopure water with added synthetic basal salt mixture (Sigma; 28.72 g liter-l) and sodium bicarbonate (0.2 g liter I); pH was adjusted to 8.2 and salinity was -29 ppt, Phytoplankton used in DOC production experiments (Table   1) were grown in f/2 medium (Guillard and Ryther 1962) made from ASW, and cultures were harvested for experiments in late exponential phase. Silicate was added only to diatom cultures. Protist grazers were isolated from local waters (N. Puget Sound) and maintained in a 1: 1 mix of ASW and 0.2~km-filtered seawater (salinity -30%0) with added trace metals (Gifford 1985) . Maintenance diets consisted of algal mixtures. Copepods (Calanus pacificus) were collected from local waters with a 0.75-m, 202-p,rn mesh plankton net. Adult females were transferred into l-liter bottles and maintained on an algal diet (Thalassiosira pseudonana and Cryptomonas sp.) until used in experiments. Experiments were carried out within 2-4 d of copepod collection.
Experiments were conducted in polycarbonate bottles precleaned by soaking in 10% HCl and rinsing with Nanopure water. Protist experiments (designated P) were conducted in 100% ASW enriched with f/16 nutrients, vitamins, and trace metals. Algal stock cultures were centrifuged for 1.5 min at low speed (<500 rpm) and resuspended in ASW to remove most (>90%) bacteria. Algae were then added to a set of 8 (Exp. Pl) or 10 (all other experiments) 2-liter bottles (Table  2) . Protist grazers were added to half of these bottles (Table  2) ; the other half were algae-only controls. Strombidinopsis acuminatum stock cultures were preconcentrated before addition by reverse filtration through a 20-pm mesh; Oxyrrhis marina stock cultures were not preconcentrated. Total initial volume in each bottle was 1 liter.
Preliminary observations indicated that copepods were lethargic in 100% ASW, so copepod experiments (designated C) were conducted in a 1: 4 mix of 0.2-km-filtered seawater : ASW. Food medium for experiment Cl was prepared by incubating 100 C. pacificus females in high concentrations of T. pseudonana and Cryptomonas sp. for 6 h immediately before the experiment. Copepods were then removed and fecal pellets produced during the incubation were gently concentrated on a sieve and resuspended in 0.2~pm FSW: ASW mixture. For all copepod experiments, initial mixtures of prey (either fecal pellets, algae, or protists) and seawater were made in a large polycarbonate bucket and dispensed into a set of 8 (Exp. Cl) or 10 (all other experiments) replicate l-liter polycarbonate bottles. Two bottles were used for initial (time = 0) samples. Half the remaining bottles served as controls (no copepods), and copepods were added Sample analysis--Samples for algal and bacterial enumeration were fixed with glutaraldehyde (final concn 0.5%), DAPI stained, filtered onto 0.2~km black polycarbonate filters with 0.45-pm MCE backing filters, and slide mounted (Sherr et al. 1993) . Cells in at least 25 microscope fields were counted for each bacterial abundance estimate, and at least 50 fields for each algal abundance estimate. Protists were preserved in acid Lugol's solution (final concn 5%). Subsamples were settled in lo-ml settling chambers and chamber contents counted in their entirety on an inverted microscope. Samples (25 ml) for. algal chlorophyll concentration were passed through Whatman GF/F filters, extracted in 90% acetone at least 24 h at -2O"C, and analyzed as described by Lorenzen (1966) .
Samples for measurement of DOC concentration were filtered through muffled Whatman GF/F filters into muffled (5OO"C, 2 h) glass vials. Filtrate was immediately acidified with 20% HPLC-grade H,PO, to about pH2 (100 ~1 per 1 Oml sample). DOC was analyzed by high-temperature oxidation in a Shimadzu TOC-5000 analyzer (Benner and Strom 1993) , and DOC concentrations were calculated from a potassium hydrogen pthalate-based standard curve. The average coefficient of variance (C.V.) for experiment samples was 17.8% (range, l-27%; n = 4 or 5) over the entire study. The relatively high C.V. results from the extremely low DOC concentrations (avg 17.1 ~.LM for all samples).
Samples for dissolved carbohydrate analysis were passed through muffled GF/F filters, collected in previously cleaned (microwaved 10 min with distilled water and -100 mg potassium persulfate, rinsed 5X with distilled water, and dried) polyethylene bottles, and stored frozen (-20°C). Dissolved monosaccharide concentrations were determined by the MBTH (3-methy-2-benzothiazolinone hydrazone hydrachloride) method (Johnson and Sieburth 1977) . Concentrations of total dissolved carbohydrate (TCHO) were determined by 12 M H,SO, hydrolysis followed by the MBTH method . Dissolved polysaccharide concentrations were determined from the difference between TCHO and monosaccharide concentrations. Glucose standards and a seawater reference standard (Gulf of Mexico surface water) were analyzed simultaneously with all samples. Sample C.V. values for TCHO and monosaccharide averaged 2 1.5 (range, 2-48%; n = 4 or 5) and 9.7% (range, 2-20%; n = 4 or 5), respectively. The average C.V. values for TCHO and monosaccharide standards were 4.6 and 2.7% (n = 3), respectively.
Particulate material collected on muffled GF/F filters was assayed for carbon, nitrogen, and TCHO content. POC and PON were determined on a Carlo Erba EA 1108 analyzer (acetanilide standard). The average sample C.V. values for POC and PON were 11.0% (range, 3-28%; n = 4 or 5) and 10.9% (range, &27%; n = 4 or 5), respectively. Particulate TCHO was determined by the hydrolysis method described above. The hydrolyzed sample and filter were resuspended in deionized water and centrifuged for 45 min. TCHO concentration of tf e supernatant was analyzed with the MBTH method. Glucose standards were spiked onto precombusted GF/F filters, dlied (4O"C), and analyzed with samples for TCHO. The average sample C.V. for particulate TCHO concentrations wa6 14.9% (range, lo-25%; n = 4 or 5) while the average standard C.V. was 5.6% (range, l-9%; n = 3).
Rate determhations-Algal growth rates were determined from changes in algal cell number in control (algae only) bottles assuming exponential growth:
(1) where t is time (d), A, and A, are algal concentration (cells ml-l) at times t2 and t,, and k is the specific growth rate (d I). Average algal concentration during each time interval was calculated from
Grazing rates were calculated according to the equations of Frost (1972) 
where A,* and A, * are algal concentrations (cells ml-l) at times t, and t, in bottles containing grazers, and g is the specific grazing rate (d-l). Average cell concentrations in grazer-containing bottles were then calculated from A* = 4*{ewW -s>(t, -tJ -1)
Average Protist grazer concentrations z (cells ml-l) were calculated with Eq. 2 but substituting grazer concentrations for algal concentrations. Community ingestion rates Z, (cells ingested ml-' d-l) were determined from
individual clearance rates F (~1 grazer-l h-l) from
and individual ingestion rates I (cells grazer-l h-l) from
Dimensions of individual Protist and algal cells were measured with an image analysis system (BioScan Optima software). Cell volumes were estimated assuming regular geometric shapes; Protist cell carbon content was then estimated from cell volume (V) based on the conversion factor 0.19 pg C pm-3 for S. acuminatum (Putt and Stoecker 1989) and C = 0.433(V)0.8G3 for 0. marina (Verity et al. 1992 ). Carbonspecific ingestion rates Icsp (h-l) were calculated from measured algal carbon content C, (pg C cell-l) and estimated grazer carbon content C, (pg C grazer-l) according to zcsp = F. %
Bacterial growth rates were estimated with Eq. 1. Increases in bacterial abundance over each 24-h sampling interval were used to estimate bacterial DOC consumption. Bacteria in our experiments were large relative to naturally occurring bacteria. We did not measure size or carbon content directly, but assumed a high cell C content of 40 fg. This estimate influences the magnitude of our DOC release estimates, but does not influence the comparison between algae and grazers as DOC sources. Bacterial DOC consumption estimates were bracketed by assuming bacterial growth efficiencies (GE) of 0.25 and 0.5. Bacterial DOC consumption was added to measured changes in DOC concentration to obtain an estimate of total DOC production (DOC,) for each interval. Algal DOC production rates [DOC,, pg C (pg algal cell C)-l d-l] were estimated from DOC, DOC, = _ AC, '
DOC production due to grazing [DOC,, pg C (pg algal cell C ingested)-'] was estimated after accounting for DOC producti& due to algal cells in grazer-containing bottles: - during filtration contributed significantly to DOC in filtrate. Stock cultures of the ciliate S. acuminatum were grown in a 1: 1 mix of ASW and 0.2-pm filtered seawater with added trace metals (Exp. A), or in 100% ASW (Exp. B). When a dense ciliate culture (>30 cells ml-l) had been obtained, ciliates were progressively concentrated by gentle reverse filtration (a PVC cylinder with a 20-pm mesh bottom was partially submerged in the culture; liquid was slowly siphoned from within the cylinder to concentrate the ciliates). Initially and at each concentration step, duplicate subsamples were withdrawn from the stock culture for determination of ciliate and DOC concentrations. Duplicate subsamples for chlorophyll analysis were taken from the stock cultures initially and from the siphoned-off material after the first concentration step. Samples were analyzed as described above. Volume concentration factors and ciliate concentration factors were calculated by dividing the initial quantity by the quantity remaining at each concentration step (corrected for subsample removal).
Results
Bacterial growth stimulation-Bacterial growth was stimulated by the presence of grazers in all experiments (Fig. l) , except when 0. marina was used as grazer (Pl, P3) or prey (C4). 0. marina can consume bacteria (Schumann et al. 1994) , so changes in bacterial abundance during these experiments are not an accurate reflection of bacterial growth rate. Excluding the 0. marina experiments, bacterial growth averaged 0.33 d-l (SE = 0.06, n = 31) in control bottles and 0.77 d-l (SE = 0.05, n = 31) in grazer-containing bottles. These differences were significant as indicated by a onetailed Student's t-test (P << 0.01).
Stimulation of bacterial growth was most pronounced in experiment Cl, in which the copepod C. pacificus was combined with its own fecal pellets. Bacterial growth was -0 d 1 in the presence of fecal pellets alone, and was >l d-l when both copepods and pellets were present. Copepods broke up the fecal pellets and may have ingested some of them. After 24 h incubation, control bottles contained an average of 2.1 whole pellets and 3.0 pellet fragments per 10 ml, whereas bottles with copepods contained an average of 0.5 whole pellets and 3.5 pellet fragments per 10 ml.
DOC production-DOC production rates were estimated by combining measured changes in DOC concentration with estimated bacterial DOC utilization from bacterial abundance changes. (Unless specified otherwise, rates described below were calculated assuming bacterial growth efficiency [GE] = 0.5.) To assess the source of DOC, we first assumed that algae alone were responsible for DOC production. Rates of DOC production [pg C (pg algal C)-l d-l] were calculated for each bottle based on the average algal concentration in that bottle during a given time interval (Eq. 9). For Protist grazer experiments ( Fig. 2A) , algal C-specific DOC production rates were always higher in grazer-containing bottles than in control bottles, indicating that the grazers were producing DOC. These differences were significant (one-tailed Student's t-test, 01 = 0.05) for experiments Pl, P2, and P4. For copepod grazers, only two experiments (C2 and C4) consistently yielded measurable rates of DOC production (Fig. 2B) . Although measured production rates were higher in experiment C4 (prey: 0. marina), differences between control and experimental bottles were significant only for experiment C2 (P < 0.02). During experiment Cl (prey: Calanus sp. fecal pellets), measurable DOC production occurred in only one control and one experimental bottle. Rates derived from these bottles were 2.2 ng C pellet-l d-l (control) and 25.2 ng C pellet-' d-l (experimental).
Although initial bacterial concentrations were low in most experiments (Table 2) , rapid growth of bacterial populations meant that utili;sation of DOC by bacteria represented a significant proportion of estimated DOC production. The percentage of estimated DOC production that was utilized by bacteria ranged from 9 to 80% but typically exceeded 40% (Fig. 3) . Because bacterial utilization was substantial, calculated rates of DOC production are dependent on assumed bacterial GE. M'hen GE was assumed to be 0.25 rather than 0.5, algal C-spelzific DOC production rates were significantly higher in the p.resence of grazers during all Protist experiments; the sign\ficance of the copepod results was unchanged over this GE range.
We assumed that production of DOC in control bottles during experiments with algal prey represented DOC release by algae alone (Fig. 2) . These rates ranged from 0.026 to 0.066 pg C (pg illgal C) l d-l assuming GE = 0.5, and 0.019 to 0.089 pg C c'pg algal C) --I d-l assuming GE = 0.25. In other words, in the absence of grazers, -3-7% of an algal cell's C content was released as DOC each day during these experiments.
Because algal C-specific DOC production rates were consistently higher in the presence of grazers, we concluded that grazing was an additional source of DOC during our experiments. For comparison with algal DOC release rates, grazerassociated DOC release was calculated as pg C (pg algal C ingested)--' after accounting for algal-associated DOC release in experimental bottles (Eq. 10). Grazer-associated DOC production values represent the proportion of an algal cell's C contenl that is released during an ingestion event (Fig. 4) . Rates ranged from 0.16-0.37 pg C (pg algal C ingested)-' assuming GE = 0.5, and 0.20 to 0.88 pg C (pg (Fig. 4) , e.g. values > 1.00, a theoretical impossibility. Based on GE = 0.5, these results indicate that 16-37% of an algal cell's C content was released as DOC during an ingestion event. Note that grazer ingestion and growth rates were generally high, whereas volume clearance rates were low (Table 3) , consistent with high initial prey concentrations during these experiments (range, 200-l ,000 pg C liter I).
Carbohydrate content of OC-Particulate algal carbohydrate comprised a third to a half of total algal POC (Table  1 , Fig. 5A ). (Particulate data are assumed to represent algal chemical composition, as initial grazer carbon concentrations were about a tenth of initial algal carbon concentrations in experimental bottles). Dissolved carbohydrates constituted 18-39% of total DOC in Protist experiments, with an average of 30% for control bottles (SE = 2%, n = 56) and 22% for experimental bottles (SE = l%, n = 53). These differences were significant (two-tailed Student's t-test, P << 0.01). There were no clear relationships between the carbohydrate content of the algae and that of the DOC produced during a given experiment, except that DOC in the presence of grazers had a consistently lower carbohydrate content than did the algal cells (Fig. 5A) .
Monosaccharides comprised at least half of total dissolved
Fig. 5. Ratios of (A) total carbohydrate carbon : organic carbon and (B) dissolved monosaccharide carbon: total dissolved carbohydrate carbon for Protist grazer experiments. Ratios (means + 1 SE) are shown for particulate material from pooled control and cxperimental bottles (data from initial samples only), dissolved material from prey-only control bottles (data from all time points combined), and dissolved material from grazer-containing experimental bottles (data from all time points combined).
carbohydrates in all Protist experiments except one (Fig. 5B) . Monosaccharide content of total dissolved carbohydrates ranged from 26 to 85% with an average of 49% for control bottles (SE = 3%, n = 56) and 53% for experimental bottles (SE = 3%, n = 53). These differences were not significant (two-tailed Student's t-test, P = 0.37).
Almost all the variation in dissolved carbohydrate composition among experiments was due to ,variation in polysaccharide concentration (Fig. 6) . Average monosaccharide concentrations ranged from 1.52 to 2.10 FM C and were nearly constant between control and experimental treatments and among experiments (Fig. 6A) . Polysaccharides, on the other hand, varied across a IO-fold concentration range (0.44-4.67 FM C; Fig. 6B ). Although total dissolved carbohydrates represented only 20-40% of DOC, polysaccharide and DOC concentration varied similarly among experiments (Fig. 6B, D) . Overall, although monosaccharides were always a significant fraction of total DOC, nearly all the variation in carbohydrate concentration was due to variation in polysaccharide levels.
Compositional data (dissolved carbohydrate/DOC; monosaccharide/dissolved carbohydrate) from all Protist grazing experiments were pooled to investigate possible effects of species on DOC composition (Table 4) . Pooled data were arcsine-transformed and two-way ANOVAs were used to test for algal and grazer species effects. Grazer species affected both dissolved carbohydrate content of DOC (higher in the presence of S. acuminatum) and monosaccharide content of dissolved carbohydrates (higher in the presence of 0. marina). Overall, algal species affected only monosaccharide content of dissolved carbohydrates (higher in experiments with Prorocentrum minimum than with Cryptomonas sp.), although a similar effect on dissolved carbohydrate content of DOC was apparent when only control bottles were considered.
"Filtration artifact" experiments-Results
of filtration artifact experiments showed that ciliates were quantitatively concentrated by the reverse filtration technique: a regression of ciliate concentration factor on volume concentration factor yielded a slope of 0.88 with 95% confidence limits of 0.73 and 1.04. Thus, ciliate breakage during concentration would not have influenced background DOC levels. There were no differences in chlorophyll concentration between initial stock cultures and liquid siphoned off at the first concentration step, indicating that algae were not concentrated by the 20-p,m mesh screen. (29) For Exp. A, DOC levels in filtrate remained essentially constant as the ciliate stock culture was progressively concentrated (Fig. 7A) . For Exp. B, DOC levels in filtrate rose during the last two concentration steps (Fig. 7B ), although they were still lower than estimated maximum DOC levels (calculated asscming complete cell breakage). It is not clear why increased ciliate concentrations should contribute to increased cell breakage, nor why increased DOC levels were observed in Exp. B but not in Exp. A. Ciliate concentrations during the DOC production experiments, however, were never higher than 23 cells ml-l, lower than the concentrations at which enhanced DOC levels were observed during filtration artifact Exp. B. We concluded that increased DOC levels in the presence of Protist grazers were not an artifact of cell breakage during filtration.
Discussion
Our major finding was that grazing resulted in high levels of DOC production in most of the experiments conducted. High levels of DOC production were indicated by both enhanced bacterial growth rates and increases in measured DOC concentration in the presence of grazers. Enhanced bacterial growth rates were probably not caused by grazer nutrient regeneration since ASW was enriched with NO,-and PO,"-before organisms were added.
. Rates of DOC production by algae were low, ranging from 3 to 7% of algal cell carbon per day. Few data are available for direct comparison, because nearly all studies of algal DOC release have used llrC as a tracer, and rates are usually expressed as a percentage of 14C uptake into particulate material. Based on the assumption that primary productivity is, to a first approximation, proportional to algal biomass, our rates of 3-7% per day are directly comparable to the l'Cbased DOC release rates of O-10% that typify most recent culture studies (Lancelot and Billen 1985; Williams 1990) . Note that field experiments always include microzooplankton grazers along with algae, so that high DOC release rates found during these studies cannot be attributed to algae alone.
DOC production in grazer-containing treatments, when normalized to algal biomass, was significantly higher in most experiments (Fig. 2) , indicating that grazer activity contributes to the DOC pool. Release of DOC during grazing represented 16-37% of ingested algal C. There are several mechanisms by which DOC could be produced during zooplankton grazing. Breakage of algal cells at the mouthparts by crustacean zooplankton (sloppy feeding) is perhaps the most cited, and should be greatest when cells are too ,large to be ingested whole. DOC releases attributed to sloppy feeding averaged 15% for Calanus hyperboreus feeding on Thalassiosira jluviatilis (Conover 1966 ) and ranged from 3 to 17% for Daphnia pulex feeding on various algae (Lampert 1978) . During our copepod experiments, no significant grazer-associated DOC release was measured during feeding on the two largest prey species, Thalassiosira weissJEogii (23 X 16 pm) and 0. marina (28 X 13 pm), although ingestion rates were substantial (Table 3) . Cells of these species may have been small enough for Calanus to ingest them whole. DOC release associated with Calanus feeding on the smaller Prorocentrum minimum is probably not due to sloppy feeding.
Release of DOC from zooplankton fecal pellets has been hypothesized to constitute another source of DOC to marine waters (Jumars et al. 1989; Lampitt et al. 1990 ). In our experiments with copepod fecal pellets, we did not consistently observe measurable DOC release in either control bottles (fecal pellets only) or experimental bottles (pellets plus copepods). We did, however, see large increases in bacterial numbers in experimental bottles. Some of the apparent bacterial growth may have resulted from the release of bacteria contained in fecal pellets, which could become dispersed throughout the water during pellet breakage. We estimated, though, that only -10% of the observed increase in bacterial number could be due to release from fecal pellets (assuming 1.6 X lo4 bacteria per C. pacificus fecal pellet [Lawrence et al. 19931 and all whole pellets disrupted by copepods and their contents dispersed in the incubation bottles). We conclude that there was no DOC release from undisturbed pellets in the control bottles, whereas disrupted pellets in the experimental bottles released DOC that was immediately taken up by bacteria. This is consistent with an earlier study by Lampitt et al. (1990) who observed that copepods enhance the release of carbon from pellets by breaking them.
Our results do not agree with the predictions of Jumars et al. (1989) , who concluded that most DOC loss from fecal pellets should occur within minutes after pellet release. In their model, the outer boundary of the pellet (peritrophic membrane in a copepod pellet) is assumed to be completely permeable, and solute concentrations within the pellet are assumed to be initially uniform. Under these conditions, there should be no difference in DOC loss rates between intact and disrupted pellets. Both an incompletely permeable peritrophic membrane and small-scale heterogeneity within pellets (the latter indicated by the existence of anaerobic processes in fecal pellets as described by Bianchi et al. [ 19921, Delille and Razouls [ 19941, and others) could lead to DOC losses on time scales of hours or even days, as observed in our experiment.
Other possible DOC production mechanisms, potentially associated with both protozoan and metazoan grazing, include excretion of assimilated C and egestion of unassimilated C from grazer guts or food vacuoles. (Excretion and egestion of DOC have rarely, if ever, been separated experimentally.) For Protist grazers, these are the only likely DOC production pathways. Evidence for significant grazer-mediated DOC production was found in all of our Protist grazing experiments, with an overall average of 0.32 pg C produced per pg algal C ingested (n = 23). Excluding exp. P2, during which the grazer population did not grow, average Protist gross growth efficiency (Protist C produced per algal C ingested) was 0.26 (n = 22). These values can be compared to assess the biological feasibility of the measured DOC production rates. Given that ingested C must be partitioned by an individual Protist grazer into biomass increases (growth), respiration, excretion + egestion of DOC, and production of waste POC (if any), our values indicate that, during these experiments, an average of 42% of ingested algal C was available for combined respiration and POC production. A similar partitioning was observed for two tintinnid grazers (Verity 1985) : their respiratory C losses ranged from 25 to 60% of ingested algal C, whereas combined growth and respiratory C utilization ranged from 82 to 100% of ingested C.
Previous studies have also provided both direct and indirect evidence for DOC production by grazers. The ciliates Uronema sp. and Euplotes sp. were found to release 9 and 3%, respectively, of ingested bacterial C as DOC (Taylor et al. 1985) . Enhanced production of amino acids, carbohy-drates, and bulk DOC has been attributed to grazing by flagellates (Andersson et al. 1985; Nagata and Kirchman 1991; Flynn and Davidson 1993) , ciliates (Burney et al. 1982) , and copepods (Eppley et al. 1981.; Peduzzi and Herndl 1992) . Indirect evidence for grazer enhancement of DOC release comes from field studies in which grazer abundance or activity was positively correlated with concentration peaks in carbohydrates (Burney et al. 1979) , submicron particles (Koike et al. 1990 ), or dissolved organic nitrogen (Bronk and Glibert 1993) . Other field studies have related grazing to enhanced bacterial production, and have inferred DOC release as the mechanism for this enhancement (Eppley et al. 1981; Roman et al. 1988) .
In spite of this body of evidence, and despite arguments that algal DOC release alone cannot account for bacterial DOC utilization in many natural waters (Jumars et al. 1989; Banse 1992) , many contemporary field studies of DOC cycling are still framed in terms of "algal extracellular release" (Baines and Pace 1991; Kepkay et al. 1993; Norrman et al. 1995) . This may be due, in part, to the paucity of data that allow direct comparison of DOC release by phytoplankton and grazers. Our data allow such a comparison. For example, observations made in the open subarctic Pacific (Booth et al. 1993 ) indicate a constant algal standing stock of -30 pg C liter-I. Applying our average algal DOC release rate [0.04 pg C (pg algal C)-I d-l] to this value yields an algal DOC production rate of 1.2 pg C liter I d-I. As in most ocean regions, a substantial fraction of the algal biomass in the subarctic Pacific is grazed daily (Strom and Welschmeyer 1991; Landry et al. 1993) . Assuming half the algae are consumed each day and applying our average grazer-associated DOC release rate [0.3 1 pg C (pg C ingested)-]] yields a grazer-associated DOC production rate of 4.7 Fg C liter-' d-l (30 X 0.5 X 0.31). This rate is 4 times larger than the algal DOC release rate. A less conservative estimate of 80% of algal biomass consumed per day yields a grazer-associated DOC production rate of 7.4 kg C liter-' d-l, 6 times larger than algal DOC release. This general relationship between algal and grazer DOC release will pertain to any region of the ocean where grazing is the dominant phytoplankton loss process. Furthermore, there may be additional grazer DOC releases due to bacterivory and carnivory.
Based on our findings, the largest DOC production events should occur when grazing is uncoupled from production. Then, prey biomass can build up to high levels, with large DOC inputs when the prey community is ultimately grazed. Such events may also lead to an uncoupling of bacterial uptake from DOC production, further enhancing DOC accumulations in the water column. Spring phytoplankton blooms are one example of such a scenario, and high rates of DOC production at the end of phytoplankton blooms have been observed (e.g. Hellebust 1965; Ittekkot et al. 1981; Norrman et al. 1995, and references therein) . This phenomenon is often attributed to excess DOC production by nutrient-limited algae. However, blooms are often terminated by macro-or microzooplankton grazing; thus, grazer DOC releases are an alternative explanation for postbloom DOC pulses. Zooplankton as dominant planktonic DOC sources would also explain why more general correlations between "algal" DOC release and nutrient limitation have not been observed (Lancelot and Billen 1985; Williams 1990) .
Could the relatively high grazer-associated DOC releases that we measured be due to the high prey conditions of these experiments? It has been suggested, in accordance with the tenets of optimal foraging theory, that feeding at high prey concentrations should lead to "luxury consumption," less efficient digestion of ingested prey, and increased egestion of organic-rich material (Penry and Jumars 1986; Dade et al. 1990 ). If true, our results might be less applicable to the depauperate prey environment typical of much of the ocean. Although direct measurements of Protist organic matter egestion are rare-this paper presents some of the firstavailable indirect evidence suggests that protists have not read the optimal foraging literature. Lowered digestion efficiency and increased organic matter egestion should lead to lowered gross growth efficiencies and, perhaps, decreased vacuole passage times as ingested food is processed less thoroughly. Bolh measures, however, seem to be relatively invariant over a wide range of food concentrations (e.g. Capriulo and Degnan 1991; Verity 199 1). Although additional work will be necessary to determine the generality of these findings, the indication is that our results may be applicable to a range of natural food environments.
DOC compo:;ition was not constant among these treatments and experiments. During Protist experiments, dissolved carbohyclrates averaged 22% of DOC in experimental bottles and 30% of DOC in control bottles. The value of 22% obtained for grazer-containing treatments is nearly identical to the average dissolved carbohydrate content of upper water collumn DOC (21%) from a range of marine environments (Pakulski and Benner 1994) . Dissolved carbohydrate: DOC was consistently lower in the presence of Protist grazers than than was the particulate carbohydrate : POC of algal prey (Fig. 5A ). This preferential removal of carbohydrates suggests that Protist grazers preferentially digest or assimilate carbohydrates relative to bulk algal C during feeding. Alternatively, bacteria may have taken up carbohydrates preferentially, with the higher bacterial biomass levels in experimental bottles leading to greater carbohydrate depletion.
Monosaccharides and polysaccharides as components of dissolved carbohydrate varied quite differently in Protist grazing experiments (Fig. 6A, B) . Monosaccharide levels were nearly constant, whereas polysaccharide levels varied over a lo-fold range. This pattern of constant monosaccharide and variable polysaccharide levels is also seen in a variety of ocean regions (Burney et al. 1979; Pakulski and Benner 1994) , where monosaccharide levels are generally low and constant throughout the water column, whereas polysaccharide levels range from high and variable in nearsurface waters to low at depth. Low, nearly constant monosaccharide levels in both laboratory experiments and natural waters indicate that either few monosaccharides are produced or that production and bacterial uptake are so closely coupled that concentration peaks rarely arise. Although algae in axenic culture have been shown to excrete glycollate, glucose, sugar alcohols, and other monomeric carbohydrates (Hellebust 1965; Fogg 1983) , much of the carbohydrate excreted by algae ::emains uncharacterized. Experiments char-acterizing the carbohydrates released by grazers while accounting for or elirninating bacterial uptake have yet to be performed.
Species composition had a significant effect on DOC and dissolved carbohydrate composition in our experiments (Table 4). For the algae, monosaccharide : TCHO was higher in treatments containing the dinoflagellate P. minimum than in those containing the cryptomonad Cryptomonas spp. Given the same algal prey species, the presence of the ciliate grazer S. acuminatum led to higher TCHO : DOC and lower monosaccharide : TCHO than did the presence of the dinoflagellate grazer 0. marina. Processes of digestion, assimilation, or excretion of organic compounds must differ between the two grazer species to give rise to these observed compositional differences. An al ternative explanation is that bacteria in the two grazer cultures differed, such that differences in bacterial uptake of initially similar substrates led to the compositional differences. These explanations are not mutually exclusive. Taken together, though, they suggest that bacterial, algal, and grazer species composition can influence the quality and quantity of dissolved organic matter in the sea.
In conclusion, our results indicate that production of DOC by the algal species studied here was consistently low (< 10% of algal cell C d-l), and that grazing by both protists and copepods greatly enhanced DOC production rates. Breakage of copepod fecal pellets by copepods also may have enhanced DOC release. As indicated by carbohydrate content, DOC varied compositionally depending on the nature of the release mechanism (algal exudation vs. grazermediated release) and the identity of the species involved. Compositional similarities between DOC produced in our experiments and naturally occurring marine DOC, as well as simple budgeting exercises based on release rates reported here, both indicate that grazer DOC release is a potentially major source of DOC to the marine environment.
